To investigate whether ion currents help to localize growth and development of Blastocladiella emersonii, we grew the organisms in gradients of various ionophores and inhibitors. Gradients were generated by placing into the culture fine glass fibers coated with insoluble inhibitors; in some cases, inhibitors were adsorbed onto beads of ion-exchange resin. Organisms growing in many of these gradients exhibited a striking tendency for the thalli to grow toward the fiber. This proved to be misleading; the cells grew not toward the source of the ionophore but into the unoccupied zone of inhibition adjacent to the fiber. Fibers coated with gramicidin-D induced marked effects on the growth of the rhizoids, which were greatly enlarged and grew toward and onto the fiber. None of the other inhibitors produced such effects, except for beads coated with the proton conductors tetrachlorosalicylanilide and compound 1799. The results suggest that orientation of rhizoid growth results from enhancement of proton flux across the plasma membrane. Growth of the rhizoids was also strongly oriented by gradients of inorganic phosphate and an amino acid mixture; gradients of glucose, K+, Ca2+, and glutamate were ineffective. We propose that a major physiological function of the rhizoid is to transport nutrients to the thallus. Finally, we examined the effects of a series of benzimidazole antitubulins as well as the cytochalasins. These did not orient growth but grossly perturbed the pattern of cellular organization, producing small spherical cells with multiple stunted rhizoids. The findings are interpreted in terms of the interaction of an endogenous transcellular proton current with elements of the cytoskeleton in the determination of form.
To investigate whether ion currents help to localize growth and development of Blastocladiella emersonii, we grew the organisms in gradients of various ionophores and inhibitors. Gradients were generated by placing into the culture fine glass fibers coated with insoluble inhibitors; in some cases, inhibitors were adsorbed onto beads of ion-exchange resin. Organisms growing in many of these gradients exhibited a striking tendency for the thalli to grow toward the fiber. This proved to be misleading; the cells grew not toward the source of the ionophore but into the unoccupied zone of inhibition adjacent to the fiber. Fibers coated with gramicidin-D induced marked effects on the growth of the rhizoids, which were greatly enlarged and grew toward and onto the fiber. None of the other inhibitors produced such effects, except for beads coated with the proton conductors tetrachlorosalicylanilide and compound 1799. The results suggest that orientation of rhizoid growth results from enhancement of proton flux across the plasma membrane. Growth of the rhizoids was also strongly oriented by gradients of inorganic phosphate and an amino acid mixture; gradients of glucose, K+, Ca2+, and glutamate were ineffective. We propose that a major physiological function of the rhizoid is to transport nutrients to the thallus. Finally, we examined the effects of a series of benzimidazole antitubulins as well as the cytochalasins. These did not orient growth but grossly perturbed the pattern of cellular organization, producing small spherical cells with multiple stunted rhizoids. The findings are interpreted in terms of the interaction of an endogenous transcellular proton current with elements of the cytoskeleton in the determination of form.
Growth of a cell requires both the production of specific macromolecules and their proper assembly within a framework ultimately controlled by the genome. Macromolecule synthesis is now well understood, at least in principle, but the mechanisms by which growth is localized in space remain largely mysterious. The present study stems from the proposal, first made by Lund (19) , that localization is fundamentally electrical. In recent years, strong evidence has been obtained that many cells and organisms generate extracellular electrical currents that possess a definite polarity related to both anatomy and function. For example, germinating eggs of the marine alga Pelvetia and germinating pollen grains of lilies establish a current pattern that predicts and apparently determines the point at which outgrowth will occur. The operative ion is probably calcium, which enters the growing tip due to the preferential localization of calcium channels in this region (8, 13, 15 (25) recently documented that a gradient of the calcium ionophore A23187 polarizes the germination of Pelvetia zygotes, and, in many cases, the effects of applied electrical fields on plant growth can be understood in terms of the enhancement of local calcium fluxes (15, 23) .
The object of the present study was to determine whether ion currents play a role in establishing the marked polarization of growth and development in fungi, particularly in Blastocladiella emersonii. The life cycle of this aquatic phycomycete (2, 18) begins with motile, nongrowing zoospores; when these are inoculated into growth medium, they quickly settle down, retract their flagella, and germinate. At this point, the basic organization of the organism has been laid down. The cell body is destined to grow into a large coenocytic thallus, containing as many as 100 nuclei. The germ tube elongates and branches into a filamentous rhizoid that serves as a holdfast and, we believe, as a transport organ (see below). The Blastocladiella organism is thus, in effect, a large and highly differentiated single cell (see Fig. 7a ). The vegetative plants can be induced to sporulate at any time by replacing the growth medium with buffered calcium chloride (26) . Sporulation is again a strikingly polarized process that entails retraction of the cytoplasm from the rhizoids, construction of a baseplate across the thallus, formation of a discharge papilla at the distal end of the thallus, and cleavage of the cytoplasm into zoospores of exquisite architecture (2, 18) . Do ion currents help to determine the site and direction of these biological constructions? By use of a vibrating probe (14) , we 
MATERIALS AND METHODS
Organisms and media. B. emersonii strain L17 was a gift from David Sonneborn and was maintained in the forn of resistant sporangia as described by Lovett (17) . Vegetative cells were grown either on the complex medium PYG or on the defined medium DM2 (26, 28) . Zoospores for inoculation were prepared by standard methods (17, 26, 28) and counted in a hemacytometer just before inoculation. Microscopy and photography were done with an Olympus IMT inverted microscope.
Generation of inhibitor gradients. Glass fibers were drawn and coated with ionophores as described by Robinson and Cone (25) and then glued into the bottoms of tissue culture dishes (Falcon optilux, 100 by 20 mm; General Electric clear silicone glue). The glue was allowed to cure for 45 min. DM2 medium was then added (10 ml) and inoculated with 2 x 105 zoospores, which settled to the bottom of the dish. Under our standard incubation conditions, the coated fiber acted as a line source for the inhibitor, and the medium acted as an infinite sink, thus creating a standing concentration gradient. Dishes were incubated in the dark at 24°C, with care to avoid movement that would disturb the gradient.
Proton-conducting uncouplers which were too soluble to be used on fibers were incorporated into Dowex-1 beads, 200 to 400 mesh (75 to 180 ,tm), as follows. A short column of the resin was washed successively with a solution of 1 N NaOH, water, and ethanol-water (4:1 [vol/vol]); a solution of tetrachlorosalicylanilide in ethanol-water (1.5 mg/ml); more ethanol-water; and finally, water. The beads were suspended in a solution of poly-L-lysine, 0.2 mg/ml. Dishes were rinsed once with the suspension of beads and allowed to dry. Dishes containing 20 to 100 beads were used; again, each bead acted as a point source for the inhibitor.
Chemotropism to nutrients. By a technique of Stadler (27) , small holes were drilled into the bases of 35-mm tissue culture dishes with a no. 80 drill bit (diameter, 340 um) in a high-speed drill press. The cover of the dish was filled with warm DM2 medium containing 1% agar. Before the agar had solidified, the base of the dish was gently placed on top of the surface to form a tight, air-free junction. DM2 medium containing a growth-limiting amount of one nutrient was then added to the top compartment and inoculated with zoospores. The hole acted as a point source for the limiting nutrient, and the upper compartment acted as an infinite sink.
Materials. Reagents and inhibitors were purchased from standard suppliers, usually Sigma Chemical Co. Nocodazole and the cytochalasins were purchased from Aldrich Chemical Co. Inhibitors were dissolved in ethanol or in dimethylsulfoxide; cells in dish culture can tolerate more than 0.2% of the fonner and 0.1% of the latter. We acknowledge with thanks gifts of the following reagents: nigericin and A23187 (R. 
RESULTS
Growth of B. emersonii in gradients of calcium ionophores. Under the stimulus of the discovery that gradients of calcium ionophores polarize outgrowth of Pelvetia embryos, we began our studies by allowing Blastocladiella organisms to grow in such gradients produced by the fiber technique. Typical results for a dense culture are shown in Fig. 1 . Uncoated fibers were innocuous ( Fig. la) , but insertion of fibers coated either with A23187 or with the novel calcium ionophore ionomycin (16) had dramatic effects upon the pattern of growth. Adjacent to the fiber there was a narrow zone devoid of growth due to the inhibitory effects of high concentrations of the ionophores. Just beyond this zone the thalli were strongly oriented, growing with their tips toward the fiber; growth of the rhizoids was not affected (Fig. lb) (iii) Open space created mechanically was found to be just as effective as an ionophore gradient (Fig. lc) . We are forced to conclude that the orientation of thallus growth is an example of the negative autotrophic effect (7) . Organisms at the edge of the zone of inhibition eventually grow toward the open space, probably in response to staling factors produced by their neighbors (7) . We have also noticed that thalli are strongly chemotropic toward oxygen, and this may be a second factor in directing growth toward open space. Our experiments therefore provide no evidence for localization of growth by calcium fluxes, although they also do not exclude such effects.
Gradients of gramicidin and of proton conductors. The need for controls led us to grow B. emersonii in gradients of a variety of insoluble ionophores and inhibitors generated by the fiber technique. The most striking results were obtained with gradients of gramicidin D, as shown in Fig. 2 . We may disregard the orientation of the thalli and focus on the rhizoids, which are thickened and enlarged, resembling roots, and are strongly oriented toward the fiber. Let us emphasize that these effects on rhizoid morphology and orientation are quite specific. They were not observed in gradients of other effective inhibitors of growth, including A23187, ionomycin, valinomycin (Fig. 3) , antimycin, and pactamycin. Two gramicidin analogs were also tested; desformyl gramicidin, with slight ionophore activity (D. Urry, personal communication) occasionally produced slight rhizoid polarization; "blocked gramicidin A," which has no ionophore activity, affected neither growth of the cells nor the orientation of their rhizoids (data not shown).
Gramicidin is a channel-forming ionophore that allows the passage of K+, Na+, and H+ (1, 24) . It is unlikely that Na+ movements are involved in the orientation of growth; sodium is apparently not required for growth of B. emersonii (28) , and its omission did not reduce the effectiveness of gramicidin gradients (data not shown). Potassium ions are required for growth; orientation of growth in media of very low K+ content (0.1 mM) could not be studied because under these conditions the antibiotic becomes excessively inhibitory to growth. However, the failure of the powerful K+ ionophore valinomycin (1, 24) to orient growth of the rhizoids (Fig.  3) suggests that enhanced K+ flux is not responsible for the effects of gramicidin D.
To test the proposition that the orientation of rhizoid growth is related to proton movements, we turned to the proton-conducting "uncouplers" (1) . These proved to be too soluble to be studied by the fiber technique, but in several cases, useful gradients were produced by beads of the ion-exchange resin Dowex-1, to which the proton conductors had been adsorbed as described above. Figure 4a shows orientation of the rhizoids toward beads carrying tetrachlorosalicylanilide; compound 1799 was also quite effective (data not shown) but carbonyl cyanidem-chlorophenyl hydrazone (CCCP) and the analogous fluoro-derivative FCCP were still too soluble. Nigericin elicited some orientation (data not shown). Beads that had been sham treated with ethanol alone were ineffective (Fig. 4b) , as were beads of the cation resin Dowex 50 in the acid form. We conclude that the orientation of rhizoid growth is probably a reflection of enhanced proton movement across some membrane, presumably the plasma membrane.
Chemotropic growth of rhizoids in gradients of nutrients. Chemotropism towards proton-conducting ionophores presumably reflects some physiologically useful capacity. We believe that the rhizoid, long known to serve as a holdfast, also transports nutrients from the medium to the thallus and that proton conductors mimic the chemotropic effects of certain nutrients.
Chemotropism towards water-soluble metabolites was investigated by adapting the technique of Stadler (27) (Fig.  5) .
Chemotropism towards soluble nutrients may also underlie a novel mode of growth that we designated as "cannibalism." Under certain conditions, particular cells send out long, thick, straight rhizoids that appear to penetrate neighboring thalli. The crinkled surface and disorganized cytoplasm of the thalli and their inability to exclude methylene blue leaves no doubt as to who benefits from the union. Such cells are regularly seen in cultures growing in calciumdeficient medium, prepared by omitting the calcium from DM2 and adding 2 ,tM ethylene glycol-bis(,B-aminoethyl ether)-N,N-tetraacetic acid (EGTA) (Fig. 6) . We have also occasionally seen this effect in cells grown in the presence of the proton-conducting ionophores tetrachlorosalicylanilide and 1799.
It should be mentioned in passing that growth of the thallus, which is unaffected by nutrient gradients (Fig. 5) The shape of a growing cell of B. emersonii
Pictures were taken after 16 h; bar, 100 gun.
appears to be subject to two kinds of forces. One set determines the basic organization of the cell above, thalli repel each other and rarely cross into the thallus and rhizoid and later controls each other's paths; rhizoids suffer no such inhi-the formation of such elements as the baseplate bitions.
and discharge papilla. To be sure, the pattern is Inhibitors of cytoskeleton assembly per-not immutable; occasionally one sees multiple turb cellular organization. The reagents con-rhizoids or multiple papillae, and these aberra- VOL. 144, 1980 on October 28, 2017 by guest http://jb.asm.org/ tions are evidently a function of the environment. Nevertheless, it appears that the organism passing through its life cycle executes a set of instructions that was fixed from the time of germination (if not before). Superimposed on the basic pattern of organization, a variety of modulations can be seen that are clearly enviromnental in origin. These include the tendency of organisms in crowded culture to assume a greatly elongated form, with the thallus perpendicular to the substratum; the timing of sporulation; and the various tropisms of both thallus and rhizoid. These two kinds of morphogenetic processes may, but need not, have the same physical basis. Our findings lead us to suspect that they are, in fact, quite distinct.
The basic observations concern chemotropic growth of the rhizoid in gradients of nutrients (Pi and amino acids) and of proton-conducting ionophores. In both of these circumstances and also in cells growing cannibalistically, the rhizoids grew up the gradient and were morphologically quite unlike those of cells grown in DM2 medium (or in PYG). To rationalize the observations, we propose that there is normally a proton current through the rhizoid, with protons entering the filaments as suggested by the electrical measurements (Stump et al., in press). From what is known of the proton circulation in other fungi (4, 8) we expect protons to be actively expelled by proton-translocating ATPases and to leak back into the cell by passive channels; preferential localization of pumps in the thallus or of leaks in the rhizoidal filaments would then generate a current of protons across the cell (Stump et al., in press). We postulate further that this proton current exerts a directional effect upon the growth of the rhizoid and that both nutrients and proton conductors exert their chemotropic effects by modulating the proton flux across the plasma membrane, presumably at the tip. It is well known that nutrient transport into fungal cells often occurs by symport with protons (4, 8) , and one can thus imagine a very direct connection between the presence of transportable nutrients and enhanced proton flux across the membrane. Alternatively, and perhaps more likely, recognition of such nutrients as Pi by specialized receptor sites at the tip of the rhizoid may regulate the passage of protons through local channels. The proton-conducting ionophores bypass the physiological channels, providing alternate routes for protons to cross the rhizoid plasma membrane.
This hypothesis begs the question, what is the physiological function of the (putative) proton current? We suspect that it is connected with the translocation of nutrients through the rhizoid into the thallus, although we have no evidence to support this suggestion. A second function, by hypothesis, must be to guide the growth of the rhizoid. This could happen if the region of maximal proton entry were destined to become the region of maximal growth, i.e., the growing tip. Localization of outgrowth in a Pelvetia embryo by a calcium current (13, 15, 22, 25) illustrates this relationship, but it does not appear to fit our observations with Blastocladiella organisms. These are better accommodated by the hypothesis that the growing tip is fixed by other factors, but the tip grows in such a way as to maximize proton flux across its surface. Just how a proton flux could be sensed, confer direction upon the growing rhizoid, and produce the characteristic root-like morphology, are questions that we do not wish to consider at this time. There seems to be some link to nutrient deprivation since starving cells have thickened rhizoids, albeit they are never as striking as those seen in cells growing in an appropriate gradient.
If there is merit to the proposal that tropisms of the rhizoid result from modulation of a proton current through this organelle, it may be more widely applicable in the plant world. Weisenseel and Jaffe (30) showed that germinating lily pollen expels protons from the grain and generates a transcellular ion current. Barley roots take up protons into the growing zone just behind the tip (29) and growth of the root may possibly be guided by this current. Indeed, dinitrophenol (a classical uncoupler and proton conductor) is known to polarize the outgrowth of Fucus embryos (12) .
Our experiments implicate proton movements in tropisms of the rhizoid but not in those of the thallus. In addition to proton conductors we tried a range of other ionophores, including the K+ ionophore valinomycin and the calcium ionophores A23187 and ionomycin (16) , without success. The failure of calcium ionophores to modulate growth patterns or tropisms was surprising since calcium movements have been so strongly implicated in the localization of growth in plant and animal systems (13, 15, 25 (9, 11, 21) . Taken in conjunction with ultrastructural data, these observations have given rise to the proposal (9, 20) 
